We scrutinize the importance of aerosol water for the aerosol optical depth (AOD) calculations by a long-term evaluation of the EQuilibrium Simplified Aerosol Model V4 for climate modeling, which was introduced by Metzger et al. (2016b) .
Introduction
Providing realistic projections of climate change is one of the most difficult tasks for climate modelers, due to the many unknowns and large uncertainties that still exists (Intergovernmental Panel on Climate Change, 2014) . For instance, the recent study by Klingmueller et al. (2016) suggests that the observed increase in aerosol optical depth (AOD) over large parts of the Middle East during the period 2001 to 2012 could to some extent prevail as a result of climate change. Even in absence of 5 growing anthropogenic aerosol and aerosol precursor emissions, increasing temperature and decreasing relative humidity, as seen in the last decade, promote soil drying, which can lead to increased dust emissions and hence AOD. While this might be the case for arid regions all over the Earth, it is not an easy task for climate modelers to correctly quantify the effect due to the complexity of the underlying processes, as indicated by the studies of Abdelkader et al. (2015) , Abdelkader et al. (2017) .
To reduce uncertainties, the latter two studies applied the dust emissions scheme of Astitha et al. (2012) together with our chemical speciation of the emissions fluxes (see Section 2.4) in order to resolve a chemical aging of mineral dust particles (see Section 4.2). Furthermore, an interaction of the emission flux with meteorology (Klingmueller et al., 2018) and anthropogenic pollutants, together with a water mass conserving coupling of the aerosol hygroscopic growth into haze and clouds (Metzger and Lelieveld, 2007) , is needed.
Proper hygroscopic growth calculations require thermodynamic models that can calculate at least the equilibrium partitioning 15 of aerosols and their precursor gases from different natural sources in interaction with anthropogenic air pollution. To calculate the gas-liquid-solid phase partitioning, a variety of thermodynamic equilibrium models have been therefore developed (Metzger et al. (2016b) and references therein). For instance, MARS (Saxena et al., 1986 ) is widely used in regional modeling as the thermodynamic core of MADE/SORGAM (Ackermann et al. (1998) , Schell et al. (2001) ) through applications of the Weather Research and Forecasting model coupled to Chemistry (WRF-Chem, https://ruc.noaa.gov/wrf/wrf-chem/, Ahmadov and Kazil 20 (2018) ), the model of the European Monitoring and Evaluation Programme (EMEP, http://www.emep.int/, Simpson et al. (2012) ), and the European Air Pollution Dispersion model system (EURAD, http://www.eurad.uni-koeln.de/). On the other side, for climate modeling mainly ISORROPIA (Nenes et al. (1998) ; Fountoukis and Nenes (2007) ) and EQSAM (Metzger et al. (2002b) , Metzger et al. (2006) ) are widely used because of their computationally efficiency. Both codes (among others) were recently used for the investigation of global particulate nitrate as part of the Aerosol Comparisons between Observations 25 and Models (AeroCom) phase III experiment (Bian et al., 2017) . Besides this AeroCom study, different EQSAM versions have been used for various other modeling studies, e.g., EQSAM1 (up to EQSAM_v03d): Metzger et al. (2002b) , Metzger et al. (2002a) , Dentener et al. (2002) , Lauer et al. (2005) , Tsigaridis et al. (2006) , Myhre et al. (2006) , Luo et al. (2007) , Bauer et al. (2007a) and Bauer et al. (2007b) ; EQSAM2: Trebs et al. (2005) and Metzger et al. (2006) ; EQSAM3: Metzger and Lelieveld (2007) and Bruehl et al. (2012) . An overview of widely used modeling systems that provide an option to use either EQSAM 30 and/or ISORROPIA is given in Table 1. To reduce computational costs, both EQSAM and ISORROPIA follow the MARS approach (Saxena et al. (1986), Binkowski and Shankar (1995) ) to determine certain domains by the degree of sulfuric acid neutralization and then divide the relative humidity (RH) and composition space into subdomains to minimize the number of equations to be solved. But in contrast to EQSAM, all other thermodynamic equilibrium models require an iterative procedure to solve the ionic composition, which adds significantly to computational costs.
To accurately parameterise the aerosol hygroscopic growth by also considering the Kelvin effect as described by Metzger et al. (2012) , the EQSAM approach (Metzger et al., 2002b) ) was recently extended by Metzger et al. (2016b) . The new model version, the EQuilibrium Simplified Aerosol Model V4 for climate modeling, enables aerosol water uptake calculations of con-5 centrated nanometer-sized particles up to dilute solutions, i.e. from the compounds relative humidity of deliquescence (RHD) up to supersaturation (Köhler theory). EQSAM4clim extends the single solute coefficient approach of Metzger et al. (2012) to multi-component mixtures, including semi-volatile ammonium compounds and major crustal elements. The advantage of EQSAM4clim is that the entire gas-liquid-solid aerosol phase partitioning and water uptake including major mineral cations (Sec. 2.3), can now be solved analytically without iterations, which potentially significantly speeds-up computations on climate 10 time-scales (Appendix B). Since the thermodynamics of the few widely used equilibrium models such as MARS are limited either to the ammonium-sulfate-nitrate-water system, or only include sodium and chloride but no crustal compounds such as calcium, magnesium and potassium, EQSAM4clim has been evaluated with its introduction against ISORROPIA II at various levels of complexity. It was shown by Metzger et al. (2016b) that the results of EQSAM4clim and ISORROPIA II are similar for reference box-model calculations, textbook examples and 3D applications on time-scales of individual years.
15
To scrutinize the importance of aerosol water for climate applications, we evaluate the AOD calculations of EQSAM4clim and ISORROPIA II on climate time-scales. For this we extend the model evaluation of (Metzger et al., 2016b) by using the comprehensive chemistry-climate and Earth System model EMAC in a similar setup as applied in our studies on (I) the dust-air pollution dynamics over the eastern Mediterranean (Abdelkader et al., 2015) , (II) the sensitivity of transatlantic dust transport to chemical aging and related atmospheric processes (Abdelkader et al., 2017) , and (III) the comparison of the Metop PMAp2 2 Model description 2.1 Atmospheric Chemistry-Climate Model EMAC
We use the atmospheric chemistry-climate model EMAC following Abdelkader et al. (2015) . EMAC comprises a numerical chemistry and climate simulation system that includes sub-models describing tropospheric and middle atmosphere processes and their interaction with oceans, land and human influences Dry deposition (DDEP) and sedimentation (SEDI) are described by Kerkweg et al. (2006a) and are based on the big leaf approach Ganzeveld et al. (2006) . Dry deposition velocities depend on physical and chemical properties of the surface cover.
Wet deposition (SCAV) is described by Tost et al. (2006a) , while its impact on atmospheric composition is detailed by Tost et al. (2006b) and Tost et al. (2007) . The offline (OFFEMIS) and online (ONEMIS) emission calculations, including tracer 15 nudging (TNUDGE), are described by Kerkweg et al. (2006b) ). The oceanic DMS emissions, water isoprene concentration and methanol (CH 3 OH) water deposition are calculated online with the sea-air exchange submodel (AIRSEA), the latter based on undersaturation of the oceanic surface water (Pozzer et al., 2006) . The atmospheric chemistry is calculated with the chemistry submodel (MECCA), which was introduced with Sander et al. (2005) .
Our chemical mechanism for the troposphere is similar to the one used in poz -initially described in Joeckel et al. (2006a) 20 (see electronic supplement), although we use a reduced chemistry setup, which consists only of 40 (instead 104) gas phase species and of only 80 (instead 245) chemical reactions. O 3 related chemistry of the troposphere is well included, but we exclude decomposition of non-methane-hydrocarbons (NMHCs) (von Kuhlmann et al., 2003) . The other sub-models used in this study are CONVECT (Tost et al., 2006b) , LNOX (Tost et al., 2007) , as well as CLOUD, CVTRANS, JVAL, TROPOP, H2O, ORBIT, and RAD (Joeckel et al., 2006a) . The aerosol radiative properties (AEROPT) (poz, Klingmueller et al. (2014)) 25 are based on the scheme by Lauer et al. (2007) . AEROPT takes the width and mean radii of the lognormal modes into account and considers the composition to obtain the extinction coefficients (σ sw,lw ), single scattering albedo (ω sw,lw ) and asymmetry factors (γ sw,lw ) for the shortwave (sw) and longwave (lw) radiation. The radiative forcing is fully coupled in our EMAC version with the aerosol water of primary and secondary aerosols, whereby the emission fluxes of primary particles is calculated online in feedback with the EMAC model meteorology (Sec. 2.4).
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To represent the actual day-to-day meteorology in the tropospherehe, the model dynamics are weakly nudged (Jeuken et al. (1996) , Joeckel et al. (2006a) , Lelieveld et al. (2007) ) towards the analysis data of the European Centre for Medium-Range Weather Forecasts (ECMWF) operational model data (up to 100 hPa). This allows a direct comparison of the model chemistry with ground station and satellite observations (Sec. 3). Our model emissions are kindly provided by the anthropogenic emission 4 Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2018-450 Manuscript under review for journal Atmos. Chem. Phys. 
Aerosol Microphysics
Aerosol microphysics and the underlying gas-liquid-solid aerosol partitioning is calculated with the Global Modal-aerosol 5 eXtension (GMXe) module, which was described by Pringle et al. (2010a) and Pringle et al. (2010b) but originally developed as part of Metzger and Lelieveld (2007) . With GMXe we resolve the aerosol size distribution in seven, i.e., four soluble (nucleation, aitken, accumulation and coarse) and three insoluble (aitken, accumulation and coarse) log-normal modes. Primary particles are emitted in the insoluble modes (aitken, accumulation, coarse) and only transferred upon a chemical aging and transport to the respective soluble modes (aitken, accumulation, coarse). Our description of "aging" depends on the amount of 10 available condensable compounds that are the outcome of various emission processes (OFFEMIS, ONEMIS) and chemistry calculations (GMXe, MECCA, SCAV). For the chemical aging we follow our approach introduced with Abdelkader et al. (2015) , which is scrutinzed in Section 4.2. The condensation dynamics are calculated within GMXe such that coagulation and hygroscopic growth can alter the aerosol the size-distributions. Small particles are efficiently transferred to larger sizes, whereby hygroscopic growth of individual aerosol compounds is calculated from aerosol thermodynamics (Sec. 2.3) based on 15 a chemical speciation of the aerosol emission fluxes (Sec. 2.4). Water uptake of bulk particles (OC, BC, SS, DU), which can be optionally considered, is only treated for aged particles in the soluble modes (Sec. 2.5). Additionally, our EMAC version allows to consider the aerosol hysteresis effect (Sec. 2.6). To avoid an overlap with cloud formation (especially optical thin clouds) the availability of water vapor is dynamically determined within GMXe. This limits the aerosol hygroscopic growth calculation by either ISORROPIA II or EQSAM4clim, described in Sec. 2.3. Through this specific dynamical coupling, our overall water to analytically solve the gas-liquid-solid partitioning and the mixed solution water uptake by eliminating the need for numerical solutions, which can significantly speed-up our EMAC computations (Appendix B). For a consistent model inter-comparison, we limit in this study the gas-aerosol partitioning and associated hygroscopic growth of our EMAC simulations to the inorganic compounds considered by ISORROPIA II. That is, we consider the gas-liquid-solid aerosol partitioning and water uptake of the precursor gases water vapor (H 2 O), sulfuric acid (H 2 SO 4 ), nitric acid (HNO 3 ), hydrochloric acid (HCl), ammonia (NH 3 ), 5 together with the major cations sodium (Na 
Chemical speciation of aerosol emission fluxes
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We extend our EMAC setup to include a basic chemical speciation of the natural aerosol emission fluxes in terms of certain cations and/or anions. Usually, climate models treat only bulk tracers such as sea salt (SS), dust (DU), organic carbon (OC) / black carbon (BC). Instead, we assign ions to the bulk emission fluxes of primary aerosols by using the major cations Na Monahan et al. (1986) , while mineral dust particles are emitted in two insoluble modes (accumulation and coarse), following Astitha et al. (2012) . The required parameters for OC/BC, SS and DU used in our sensitivity study (Sec. 4) to scrutinze the bulk water uptake are given in Table 2 and described in Sec. 2.5.
Chemical aging and water uptake of bulk aerosols
Our chemical speciation of the primary aerosol emission fluxes is coupled to a chemical aging of bulk species through which 25 salt compounds and associated water can be formed. The chemical aging process is hereby based on explizit neutralization reactions of ions (cations, or anions), which are assigned to the emission fluxes (e.g., K + , Ca 2+ , see Sec. 2.4). Through the reactions of these cations (anions) with aerosol precursor gases, i.e., major oxidation products of natural and anthropogenic air pollution (here H 2 SO 4 , HNO 3 , HCl, NH 3 , and H 2 O), various neutralization (salt) compounds can be formed, e.g., potassium sulfate (K 2 SO 4 ), potassium bisulfate (KHSO 4 ), potassium nitrate (KNO 3 ), potassium chloride (KCl), calcium sulfate (CaSO 4 ),
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calcium nitrate (Ca(NO 3 ) 2 ), calcium chloride (CaCl 2 ) and so on for ammonium, sodium and magnesium, see Table 1 of Metzger et al. (2016b) . The salts can cause an uptake of water vapor (H 2 O) at different ambient humidities, with CaCl 2 at RHs as low as 28%. All salt solutions are subject to the RH and T-dependent gas-liquid-solid partitioning as described in Sec. 2.3 and 2.6. For H 2 O and each cation and anion, a chemical tracer is assigned such that they undergo all aerosol microphysics and thermodynamic processes for their respective GMXe aerosol mode(s) (Sec. 2.2). Through this tracer coupling, each salt compound can alter the subsequent AOD calculations in our EMAC version, most noticeably through an associated aerosol water uptake.
To calculate the bulk water uptake, we use the EQSAM4clim parameterizations (introduced by Metzger et al. (2012) ) and 5 solve a bulk solute molality using Eq. A3 of Metzger et al. (2016b) . For the sake of simplicity, we neglect the Kelvin-term (K e = 1, A = 1, B = 0) and further assume that the water uptake of the bulk compounds can be described by a mean value, for which we can use our single coefficient ν i . We further assume a single chemical reagent to be representative for the bulk water uptake due to chemical aging of the bulk aerosol mass, but we only calculate bulk water uptake if the RH exceeds a certain threshold. This "aging" proxy is given in Table 2 together with the required parameters for our "aging" setup used in Sec. 4.2.
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For instance, for the "50% aging" case of bulk sea salt mass (SS), we assume 50[%] of the mass to be subject to water uptake if the RH exceeds a threshold of 50%. And for this case we assume NaCl as the proxy with ν i = 1.358 (Table 1 of Metzger et al. (2016b) ). Accordingly, we assume for dust (DU) that 75% of the mass is subject to water uptake if the RH exceeds the threshold of 28%, due to a pre-dominant coating by CaCl 2 (with ν i = 2.025).
To distinguish between our EMAC setup that considers the water uptake of normally chemically unresolved particles (SS, 15 DU, OC, BC), we use in our study the label "aging", refering to a chemical "aging" that is used in Sec. 4.2. In contrast, our EMAC setup that omits the chemical "aging" and associated water uptake of bulk aerosols is labeled "no aging" (Sec. 4.1).
Independent of this "aging" label, all our EMAC simulations consider a comprehensive treatment of the chemical aging of the non-bulk aerosol emission fluxes, which is part of our GMXe aerosol dynamical treatment Sec. 2.2. The chemical aging includes the dynamically limited condensation of aerosol precursor gases on primary aerosol particles. Our primary aerosol 20 particles are emitted in the insoluble modes and, depending on the coating level (i.e., the amount of gases condensed on the insoluble particles), they are transferred to the soluble modes. But only the chemically identified compounds of the soluble modes (aitken, accumulation and coarse mode) are subject to the water uptake calculations by either EQSAM4clim or ISOR-ROPIA II by our "no aging" set-up. Since the inorganic aerosol composition usually explains only a fraction of the emission fluxes, and since the coating process may involve complicated and largely unknown chemical reactions which alter (age) the 25 aerosol surfaces, we consider for our sensitivity study in Sec. 4 the water uptake of the bulk aerosol mass (as described above).
Normally, the bulk aerosol mass would be otherwise considered as dry only. And it was shown by our recent studies by Abdelkader et al. (2015), Metzger et al. (2016b) , Metzger et al. (2016a) and Abdelkader et al. (2017) that the results of our EMAC "aging" set-up agree better with various ground station observations and satellite measurements.
Aerosol water mass -hysteresis effect
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Our EMAC version further allows to consider the so-called hysteresis effect. That is, we can obtain the aerosol water mass for two cases, i.e, (1) dry case, when RH increases and exceeds the compound's RHD, or mixed solution RHD (Sec. 2.6 of Metzger et al. (2016b) ), and (2) wet case, when the RH decreases until crystallization (efflorescence) point of the dissolved compound(s) is reached. Below these thresholds no aerosol water is calculated. The hysteresis effect can become regionally important, since many inorganic salt compounds, which take up water at a given RHD-threshold, do not crystallize at the same threshold. The efflorescence thresholds are often observed to be much lower. Although the hysteresis effect might be less pronounced in ambient observations (simply because the aerosol composition usually changes over time due to transport and chemical reactions), the instantaneous effect on radiation can locally become important.
To consider the hysteresis effect in a climate model, we assume for the sake of simplicity (and because of missing measure-5 ments) no single compound efflorescence thresholds. Our criteria that determines a "wet case" or "dry case" instead depends on two factors: (i) an RH threshold and (ii) the existence of aerosol water mass from the previous time-step. In case aerosol water mass from the previous time-step is non-zero for the given time-step (and model grid box), and, if additionally the RH is above 40% (fixed efflorescence value), we consider the upper hysteresis loop and only calculate the gas-liquid partitioning with either EQSAM4clim or ISORROPIA II. Otherwise, we account for the full gas-liquid-solid partitioning (lower hysteresis 10 loop). The water uptake is then based on deliquescence of single or mixed solutions as described in Metzger et al. (2016b) .
Note that the aerosol water mass is treated prognostically in our EMAC version Sec. 2.5. That is, we assign a model tracer for water vapor and for each aerosol mode to transport the different water masses. This allows to retrieve the required time information for a certain location on Earth, although we are only approximately able to distinguish between the upper or lower hysteresis loop. Results of our EMAC setup that include the hysteresis effect are shown in Sec. 3 and 4. 
Climate applications
To evaluate the hygroscopic growth calculations of EQSAM4clim and ISORROPIA II and to evaluate our EMAC version we focus on the AOD, since long-term observations are available for many regions of the Earth. The AOD, or extinction coefficient, is a measure of radiation scattering and absorption at different wavelengths and sensitive to the gas-liquid-solid partitioning and aerosol hygroscopic growth. We use ground-station observations from the AErosol RObotic NETwork (AERONET, 20 http://aeronet.gsfc.nasa.gov). Complementary, we use independent satellite observations from MODIS and MISR (both available from http://disc.sci.gsfc.nasa.gov/giovanni.) The comparison of model results against measurements includes the in-situ observations of the Clean Air Status and Trends NETwork (CASTNET, www.epa.gov/castnet/). CASTNET is a national air quality-monitoring network of the United States of America designed to provide data to assess trends in air quality, atmospheric deposition, and ecological effects due to changes in air pollutant emissions. For Europe, we use data of the European
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Monitoring and Evaluation Programme (EMEP) (http://www.emep.int/). EMEP is a scientifically based and policy driven program under the Convention on Long-range Transboundary Air Pollution (CLRTAP) for international co-operation to solve transboundary air pollution problems (Tørseth et al., 2012) . Our EMAC model evaluation is based on two model resolutions, i.e. T42 and T106 (Sec. 2.1). Most of our model output is based on 5-hourly averages, such that any full hour serves as averaging-interval center once within 5 days. An extension of our study to a more in-depth evaluation of the underlying aerosol 30 composition and neutralization levels will be presented separately. The comparison shows that the differences associated with the two partitioning schemes are smaller compared to the differences associated with the two different EMAC setups, i.e., our EMAC version with EQSAM4clim (orange circles) and ISORROPIA II (blue stars), and the independent PO2015 setup (pink crosses). But all AOD model results are relatively close to the AERONET observations, despite the distinct different underlying approaches to obtain the mixed solution aerosol wa-20 ter uptake. The largest differences occur for regions which are dominated by mineral dust outbreaks, as indicated by the AERONET stations Capo Verde and Dakar (Fig. 2) . The reason is that PO2015 uses prescribed dust emissions, while our setup calculates the dust emission fluxes online with the EMAC meteorology (Sec. 2.4). Although the same is true for the sea salt emissions, differences there are much less pronounced (see e.g., Amsterdam Island). The prescribed dust emissions basically yield a mean dust concentration with a too low variability, which is reflected in a too low variability of the AOD results (see 
EQSAM4clim versus ISORROPIA II for 2005
In order to scrutinze this result, we zoom into a single location and compare the EMAC AOD of EQSAM4clim and ISOR-ROPIA II for the AERONET observations at Capo Verde for both, 5 hourly and monthly averages (Figure 10 ). Capo Verde is one of the more difficult stations because of the frequent Sahara dust outflows (Abdelkader et al., 2017) . In our setup the dust outflow is associated with elevated calcium loadings, which can cause differences in the subsequent sulfate/bisulfate neu- , it is preferentially bound with sulfate for which the aerosol concentrations are usually in good agreement with observations. But, including mineral cations through a chemical speciation of emission fluxes, complicates the modeling enormously. Despite these challenges, our comparison with observations in Fig. 11 shows that the total particulate ammonium, i.e., the sum of all liquid and solid NH row) represents our "aging" case and includes both effects (they are discussed further in Sec. 4.2). The lower row shows independent satellite observations from MODIS and MISR. Altogether, this comparison shows that the EMAC results based on EQSAM4clim and ISORROPIA II are also very similar on a global scale, and that the EMAC results labeled "aging" compare better with the satellite observations than the "no aging" results. This qualitative comparison indicates that the overall assumption on the water uptake is important. But it also shows that the differences between the two different EMAC setups
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(comparing upper and middle row) are larger than the differences between the two distinct different gas-aerosol partitioning schemes (comparing left and right panels).
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Sensitivity study (Year 2005)
To scrutinize the importance of the aerosol water calculations we compare our EMAC results in a sensitivity study that excludes (Sec. 4.1) and includes (Sec. 4.2) the aerosol water and bulk water uptake (Sec. 2.5) due to the chemical aging of primary particles (Sec. 2.4).
EMAC setup -without aging
5
Our EMAC setup without aging omits the water uptake of bulk aerosols (OC, BC, SS, DU) in contrast to the "aging" case (Sec. 4.2). For both setups we consider the chemical speciation of the emission fluxes (Sec. 2.4) to obtain chemically specified aerosol mass fractions in terms of cations and anions. But for the "no aging" case, we limit the water uptake to the neutralization products (ion pairs), which are calculated with the partitioning schemes (Sec. 2.3). Our reasoning for this limited setup is that the aerosol water mass of bulk species (Sec. 2.5), as well as the hysteresis effect (Sec. 2.6), can regionally reduce potential 10 differences of the aerosol water mass calculations, if the total aerosol water mass is dominated by one of these effects. For both processes explicit RHD calculations and the associated uncertainties (Metzger et al., 2016b) are excluded. The "no aging" setup is therefore most sensitive to potential differences in the water uptake calculation approaches of EQSAM4clim and ISORROPIA II, though differences are rather small on a global scale as discussed in Sec. 3.3 (i.e., shown by the comparison in Fig. 12 , upper panels).
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We note that the relatively largest deviations occur in our "no aging" EMAC setup for stations that are subject to high dust loads, e.g., Dakar and Capo Verde (see Supplement). But the aerosol properties that are most important for climate modelling, i.e., the total (dry) PM and the associated aerosol water mass concentrations are mostly close to a one-by-one line for all simulations and all stations. Differences are mainly caused by differences in the bisulfate / sulfate partitioning of both schemes.
In contrast to ISORROPIA II, EQSAM4clim does not treat the dissolution of weak acids (HNO 3 , HCl) and bases (NH 3 ), which 20 can cause differences in the sulfate neutralization levels and the subsequent water coating of mineral dust particles. Also the Kelvin effect is not considered in ISORROPIA II in contrast to EQSAM4clim, which can have an effect on the water uptake of Aitken mode but not coarser particles. Nevertheless, overall differences are small in terms of mass concentrations as shown by the extended analysis included in the Supplement.
Note that the Supplement (Sec. S1.3) shows both time series and scatter plots for 2005 for our "no aging" case which 
EMAC setup -with aging
The EMAC setup labeled "aging" extends the "no aging" setup by the water mass calculation of bulk aerosol species (Sec. 2.5) and the hysteresis effect (Sec. 2.6) -note Table 4 . Both can become regionally important. As noted in Sec. 3.3, our EMAC "aging" setup compares better with observations than the "no aging" case. This is especially true for regions over the open oceans, intense bio-mass burnings or dust outbreaks, including the transatlantic dust transport as shown in Fig. 12 . But despite 5 the more complex "aging" setup, our EMAC version still somewhat underestimates the AOD observations. This finding is supported by the AERONET observations, which are included in Fig. 12 (squares with the same color scale). One reason could be that our default "aging" set-up only considers a partial "aging" of 50% of the bulk aerosol mass for the additional water uptake calculations.
To scrutinize the effect of "aging level" on the AOD comparison, we apply different levels of bulk "aging" according to The comparison of the cases 1-4 shows that aerosol water calculations are essential. Excluding "aging" or aerosol water at all, our EMAC simulation largely underestimates the AOD (case 1-2), while considering the bulk water uptake ("aging" case 3-4) improves the AOD comparison. But, the improvement strongly depends on the AERONET location and the assumed level of "aging". For instance, our EMAC results based on a 90% "aging" level (case 4) can overestimate the AOD observations at certain locations such as for Lampedusa, while at the same time the results compare best with other observations such at the 20 AERONET site of Beijing. With a decreasing level of "aging", the AOD observations get more underestimated for Beijing, while improved for Lampedusa. This fact points to missing processes that cannot be resolved by applying constant aging parameters. To improve our results further, a more comprehensive aging parameterization is needed by e.g., an extension of the water uptake framework to organic compounds as considered by Metzger and Lelieveld (2007) . The latter study included the neutralization of major carboxylic acids for the neutralisation by the cations Na 
Importance of Aerosol Water
The sensitivity of our AOD calculations with respect to the RH cut-off is analyzed next. Such a cut-off is required for all aerosol water mass calculations and applied to prevent overlap between aerosol hygroscopic growth and parameterized cloud 13 Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2018-450 Manuscript under review for journal Atmos. Chem. Phys. . The four simulations only differ by the assumption on the aerosol water uptake limitation, i.e., the upper RH value that is used to limit the water uptake calculation for both EQSAM4clim and ISORROPIA II.
While our first and last sensitivity simulations represent an extreme case (with unrealistic AOD results), the two simulations (2007) proposed a mass conservative coupling approach to limit the aerosol water mass by an approach that needs to be further scrutinzed too (presented elsewhere).
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Conclusions
The importance of aerosol water for AOD calculations has been scrutinized by a long-term evaluation of EQSAM4clim and ISORROPIA II on climate time-scales using our EMAC model version as applied in Abdelkader et al. (2015) , Metzger et al. (2016b) and Abdelkader et al. (2017) . Generally, the results of both gas-liquid-solid partitioning schemes are in good agreement despite differences in the bisulfate partitioning and mixed solution deliquescence humidity range, where the results of 15 thermodynamic schemes are typically associated with deviations (Metzger et al., 2016b) . However, these discrepancies are negligible for climate simulations, as the total aerosol water mass and AOD do not significantly differ. Furthermore, besides the relative importance of (a) the general model setup (EQSAM4clim or ISORROPIA II), (b) number and types of compounds considered for the aerosol water calculations (e.g., mineral cations), (c) water uptake by bulk species and chemical aging, (d) hysteresis effect (efflorescence versus deliquescence), it appeared that (e) the aerosol water uptake limitations of both parti-20 tioning schemes is most determinant for AOD calculations. Overall, the comparison of our EMAC results with remote sensing AOD observations reveals the importance of the aerosol water calculations for climate applications. 
Standard deviation:
Correlation coefficient:
Mean biased Error (MBE):
Index m refers to EQSAM4clim (EQ4c) and o to ISORROPIA II (ISO2).
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Appendix B: Computational Efficiency
Computational efficiency is a key-constraint on our model development. To scrutinize the model performance, we compare both gas-aerosol partitioning schemes (EQSAM4clim and ISORROPIA II) using the simulation period of 2005. Table 5 for climate applications on architecture such as of the Cy-Tera cluster (Intel Westmere X5650 processors, 2 hexa-core sockets per node). But the differences depend on the system and its usage and are generally smaller on pure scalar architectures. On typical vector machines, however, these differences can significantly increase, since the optimization of a short code can be much more effective. For instance, for the previous supercomputer system at the German Climate Research Center (DKRZ, www.dkrz.de), the gain in CPU time has been about an order of magnitude. The fraction of the total EMAC CPU burden for 5 a 2 months simulation was for ISORROPIA II about 20 %, while EQSAM4clim only contributed less than 2 % (both on 128
CPUs @ "Blizzard", i.e., IBM Power6 and measured with SCALASCA, http://www.scalasca.org/).
EQSAM4clim has the advantage of being a short fortran 90 code with approximately 850 lines, including comments (or about 8 pages, see Appendix of Metzger et al. (2016b) Table 4 . Sensitivity runs with different levels of aerosol aging as defined in Sec. 4.2 and Table 2 . Note that the key difference between "no aging" and "aging" case is the water uptake of primary particles. It is only considered for the latter case (being based on Sec. 2.4 and 2.5). All cases include the GMXe coating processes (Sec. 2.2) through condensation of gases such as hydrochloric acid, nitric acid, sulfuric acid and ammonia on insoluble particles (mineral dust, black and organic carbon). Additionally, in all cases particles can mix through coagulation, and the formation of semi-volatile salt-compounds such as ammonium nitrate and ammonium chloride, and gas-aerosol partitioning including water uptake (Sec. 2.3), is always applied for compounds in the soluble modes. 
